U.S. Patent
May 27, 1997 The invention relates generally to magnetic telescopes utilized for locating flaws in underground piping, and more particularly to noise suppression techniques implemented in such magnetic telescopes.
BACKGROUND OF THE INVENTION
The use of underground pipes to carry fluids and gasses is prevalent throughout the world. Typically, these pipes are utilized to carry water, natural gas, etc. During installation of the pipes, flaws may occur in the pipe. One common flaw, for example, that would be seen as an installation flaw would be a bad weld between two connected pipes.
Not only do installation errors occur which lead to flaws in the pipe, but the pipe can develop flaws over the period of time it is in the ground. For example, a significant portion of the piping used for underground fluid transfer is com prised of a metal alloy. When exposed to damp conditions, the metal alloy has a tendency to corrode at certain locations throughout the pipe. If the pipe corrodes all the way through the wall of the pipe, the fluid being transferred will even tually escape. In the case of natural gas being transferred by a pipe having an entire wall corroded, a dangerous situation (for example, an explosion) may result.
Not only will the pipe have a tendency to corrode, but the pipe may also experience cracks. These cracks may be due to, interalia, shifting of the ground where the pipe is located or a significant amount of weight placed on the ground directly above the location of the pipe. While the latter condition is less of a problem when there is high overburden (i.e., the amount of soil between the ground surface and the pipe), significant weights may still create very Small cracks throughout the length of the pipe. Even these Small cracks may present the dangerous situation described above.
Prior art methods to determine the location and/or mag nitude of a point of corrosion or a crack in underground piping exist. For example, in U.S. Pat. No. 5,087.873 to Murphy et al., a sinusoidal current is introduced into the pipe and magnetic sensors placed along the length of the pipe detect the resulting sinusoidal magnetic fields emanating at various locations of the pipe. Based on the detected mag netic fields, corrosion points along the length of the pipe can be determined. This method is impractical, however, since access to the pipe to apply the sinusoidal current is required. Also, a plurality of magnetic sensors must be located throughout the length of the pipe. Consequently, this method is implementation and cost prohibitive. Other methods to determine the location and magnitude of a corrosion point or a crack in underground piping exist. For example, as described in U. S. Pat. No. 4, 613, 816 to Zeamer, a magnetic probe capable of detecting the location of a magnetic anomaly is implemented. A Superconducting quan tum interference device (SQUID) is coupled to gradiometer coils and a magnetometer, and detects the magnetic fields sensed by the magnetometer and the gradiometer coils to determine the intensities, directions and gradients of the article under consideration. A SQUID is a relatively new technology for inspection of underground piping such as gas transmission lines. SQUIDs are described in U.S. Pat. No. 5, 293, 119 to Podney, which is incorporated herein by ref erence in its entirety. SQUIDs provide unprecedented sen sitivity at ultra low frequencies (~10 Hertz), to enable inspection of buried pipelines from the surface. Their mag For example, the magnetic telescope typically is the source of the magnetic field which is detected by the SQUID. The source, however, significantly contributes to the amount of interference seen by the SQUID. In order for the SQUID to achieve the sensitivities that it is capable of, the SQUID must be in as "quiet" an environment as pos sible. In other words, noise suppression at the location of the gradiometers and the SQUIDs must be optimized. By opti mizing the noise Suppression at the location of the gradi ometers and the SQUIDs, Smaller corrosion patches or cracks may be detected for the same amount of source energy which is output by the magnetic telescope. This in turn has the advantage of locating corrosion early, or cracks while they are still small, thus substantially mitigating the dangerous effects that such corrosion or cracks may even tually produce.
Thus, a need exists for a magnetic telescope which overcomes the interference presented by its own source by enhancing noise suppression so that the sensitivity of a SQUID, as used therein, is increased.
It is therefore an object of the present invention to provide improved noise suppression in a magnetic telescope in accordance with the invention.
It is another object of the present invention to provide improved noise Suppression by implementing a geometric and electronic configuration in a magnetic telescope.
A related object of the present invention is to provide a differential source coil and gradiometer geometric configu ration to enhance noise suppression in a magnetic telescope.
Still another related object of the present invention is to provide an electronic configuration by adjusting the currents in the source coils and balancing the magnetic flux in the gradiometers.
Another object of the present invention is to provide an improved dewar in which the magnetic telescope resides during use.
A related object of the present invention is to provide an improved dewar which has improved cryogenic efficiency With a compact, Small, lightweight design.
SUMMARY OF THE INVENTION
In keeping with one aspect of this invention, a magnetic telescope utilized to detect flaws in underground articles, such as underground piping, implements multiple stages in the form of geometric and electronic configurations to enhance noise Suppression caused by its source of magnetic flux. Buried ordnance, underground oil tanks and other ferrous metal objects can also be detected. The geometric configuration includes a differential configuration of source coils which generate the magnetic flux, and gradiometers which pick-up the magnetic flux. A Superconducting quan tum interference device (SQUID) is utilized to detect the magnetic flux. The electronic configuration includes cir cuitry to adjust the current in the source coils to minimize the signal seen by the SQUID when no underground article is present. The electronic configuration also includes feed back circuitry to feed back magnetic flux to the SQUID based on the signal detected by the SQUID. Combining the geometric and electronic configurations provides enhanced 5,633,583 3 noise suppression so that the SQUID is capable of detecting Smaller flaws in the underground piping for the same amount of Source magnetic flux.
Stated generally, the magnetic telescope includes a means, which is in a differential configuration, for transmitting a first signal. The magnetic telescope also includes a means, Substantially located within the differential configuration of the means for transmitting magnetic flux, for receiving a Second signal induced by the first signal, but having noise thereon. The means for receiving is also in a differential configuration. The magnetic telescope further includes a means for electronically balancing predetermined aspects of the magnetic telescope.
In the preferred embodiment, the means for transmitting a first signal has at least two source coil pairs. Each pair includes an outer source coil which Substantially encom passes an inner source coil. The two source coil pairs are spaced apart along a common axis. The two source coils of each pair carry currents which are substantially equal in magnitude and opposite in direction. Also in the preferred embodiment, the means for receiving is substantially located within the inner coil.
Likewise in the preferred embodiment, the means for electronically balancing predetermined aspects of the mag netic telescope adjust the currents to maximize Suppression of the noise in the second signal. The means for electroni cally balancing predetermined aspects of the magnetic tele Scope also adjusts the current of the second signal to maximize suppression of the noise in the second signal. The adjustment is accomplished with the aid of a feedback current related to the noise of the second signal. When the adjustments for noise suppression are made, flaws can be detected in the usual manner.
The magnetic telescope described above is maintained at cryogenic temperatures by a compact dewar. The compact dewar includes a first half having first and second walls, Where the first and second walls are mounted to a first end to form a double-walled bucket configuration. The compact dewar also includes a second half having third and fourth walls, where the third and fourth walls are mounted to a second end to also form a double-walled bucket configura tion. The first and second walls are offset from the third and fourth walls such that the first and second walls mate with the third and fourth walls when the first and second ends are brought towards one another.
In the preferred embodiment, at least the first, second and third walls of the compact dewar include at least one crenelated surface. The crenelated surfaces form, during mating of the first half with the second half, a spiral groove which allows vapor from a liquid helium reservoir to escape. The compact dewar has improved cryogenic efficiency (i.e., reduce liquid helium boiloff) with a compact, lightweight design. A source control block 34 provides a reference to the feedback control block32 and also supplies the drive current for the source coils 12. The drive current for the coils 14L, 16L is supplied via a line 36, while the drive current for the coils 14L, 16L is supplied via a line 38.
Output from the SQUID control block 30 is input into the Source control block 34 via a line 40. The source control block34 has outputs which are input to the feedback control block 32 via lines 42 and 44. Afeedback signal F(t) is input into the SQUID assembly 22 from the feedback control block 32 via a line 46. The SQUID assembly 22 is also coupled to the SQUID control block 30 via a line 48, while an error signal E(t) is input into the feedback control block 32 from the SQUID control block 30 via a line 50.
5,633,583 5 To better understand the magnetic telescope 10 having enhanced noise suppression in accordance with the invention, the physical characteristics and performance expectations of the magnetic telescope 10 will be reviewed.
A typical implementation of the magnetic telescope 10 in 5 accordance with the invention is depicted in FIG. 2 . The performance expectations of the magnetic telescope 10, in general, follow from dipole expressions for both the mag netic field Her of the source coils 12L, 12R and for the magnetic flux de leaking from a flaw 52 in an underground pipe 54. As shown in FIG. 2 , a pipe 54 is located in an overburden 56 beneath the ground surface 58 by a distance d. The source coils of the magnetic telescope 10 illuminate the pipe 54 by channeling magnetic flux drinto the pipe 54. By illuminating the pipe 54, the magnetization of the pipe changes. Consequently, a flaw 52 in the pipe 54 will cause magnetic flux d to leak from the pipe. As such, the magnetic flux de exiting the flaw 52 will appear to come from a magnetic dipole located at the flaw.
The dipole moment, m resulting from illuminating a flaw gives the gradient magnitude g at the gradiometers from a dipole of moment m at a distanced. In equation (5), the constant is equal to 4TX107 Henrys/meter (H/m). A graph of source moments, m, required to illuminate and detect a flaw 52 (FIG. 2) of 1, 2, 3, 4 , and 5 cm in radius ---(--) (; ) (4) (4)
The suppression factor B is expressed by the illumination factor (r/d) , and the decrease in signal with distance from the gradiometers, expressed by the gradient factor (r/d). Referring to the source control block 34, a sinusoidal signal 78 from a reference synthesizer 80 provides a fre quency and phase reference for a power supply 82 that drives the source coils 12L, 12R and the circuitry of the feedback control block32. In the preferred embodiment, the reference synthesizer 80 is a digital synthesizer which outputs a digital signal which represents a sinusoidal signal 78 at a frequency of 8 Hertz (Hz). Other frequencies of the sinusoidal signal are contemplated, however. A digital-to analog (D/A) converter 84 converts the digital sinusoidal signal 78 to an analog signal for use by the power supply 82.
Referring to the feedback control block32, an Idemodu lator 86 (where I represents "in-phase") and a Q demodu lator 88 (where Q represents "out-of-phase" or "quadrature phase") each give amplitude information of the I and Q components of the error signal E(t). The Ireference is input The signal on the line 46 exiting the VII converter 102 is a feedback signal F(t). The feedback signal F(t) is input into the SQUID assembly 22 via the line 46. The current of the feedback signal F(t) is the current I depicted in FIG. 3 . The current I is opposite in phase to the interfering flux pro duced by the source coils 12. Flux coupled to the gradiom eters 20 from the feedback control block32 via the feedback transformer 72 nulls any interfering flux produced by the source coils 12. The SQUID 70 then produces the residual difference influx, which is provided to the feedback control block 32 in the form of an error signal E(t). The error signal E(t) from the SQUID 70 enters the feedback control block 32 via the line 50 shown in FIG. and FIG. 6 , and is used by the I demodulator 86 and the Q demodulator 88 to produce a refined value of the current. The process to null the interference is then repeated until the SQUID 70 detects a minimal amount of interference.
During the noise suppression process, two Switches 101, 103 are placed in the "track" position in FIG. 6. When the noise suppression process is completed, the Switches 101, 103 are moved to the "hold" position, and detected flaws or other discontinuities are then identified by known data acquisition equipment 105. Other ferrous metal objects such as buried, unexploded weapons, underground tanks and the like can also be detected.
The error signal, E(t), and the interfering flux, d(t), both have orthogonal components, E(t), E(t), d(t) and d(t)
which are, respectively, in-phase and quadrature with the reference signal 78 from the reference synthesizer 80. The I demodulator 86 and the Q demodulator 88 extract the components E(t), E(t) from the error signal E(t). Orthogo nal components, F(t) and F(t), of the feedback signal, F(t), are integrals of the components of the error signal E(t), and can be expressed as where V is a time constant scale factor. The difference between the feedback and the interfering fluxes gives the error signal E(t), thus t 18 E(t) = dp;(t) -v E(t)dt The superconducting wire has a single-filament Niobium Titanium (NbTi) alloy core which is 76 amin diameter, and is surrounded by copper cladding to result in a diameter of 127 um. Formvar insulation also covers the Superconducting wire 110, resulting in an overall diameter of 142 um. String made of Kevlar fibers is wound and epoxied around the Outer solenoids to protect the outer solenoids from damage. Kev lar is a trademark of DuPont du Nemours Company.
The interior section of a magnetic telescope 10 is shown in FIG. 8 Important in the development of the magnetic telescope 10 is the reduction in volume and weight of the prior art dewar 122. This must occur while maintaining, or even improving, the cryogenic efficiency of the dewar 122. Reducing the volume and weight of the dewar 122 makes the magnetic telescope 10 more portable for Surveys of under ground pipeline integrity. Improving cryogenic efficiency of the magnetic telescope 10 reduces the rate at which the liquid helium 124 evaporates (or boils-off), which conse quently increase the cost of the survey. For example, since the cost of the liquid helium 124 fluctuates around $6.00 per liter, a loss of 10 liters per day adds a cost of approximately $6.00 per hour to the cost of the survey.
The dewar 122 has an evacuated space 126 between the outer wall 128, at ambient temperature, and the inner vessel 130, at the boiling point of the liquid helium 124. The evacuated space 126 is implemented to insulate the liquid helium 124 which in turn reduces heat carried by the dewar 122. Thermal shields 132 in the evacuated space 126 inter cept radiated thermal energy.
Helium boils at a temperature of 4.2 K, at standard atmospheric pressure. In contrast to nitrogen, its latent heat of vaporization (2.6 J/cm of liquid) is approximately 700 times Smaller than the change in enthalpy of the vapor as it warms from 4.2 K to room temperature. Hence, modern dewar designs, such as the prior art dewar 122, utilize the helium vapor's heat capacity to intercept the heat from the thermal shields 132 before it reaches the liquid.
Referring back to FIG. 9 , the thermal shields 132 in the evacuated space 126 connect mechanically to a long, narrow In the preferred embodiment, the compact dewar 142 has an overall volume of 7.7 liters compared to 106.6 liters for the prior art dewar 122 depicted in FIG. 9 . Important, however, is that the volume factor (ratio of reservoir volume to total dewar volume) is lower. In the preferred embodiment, due to the long, spiral groove 148 which keeps heat from thermal conduction low, projected boiloff is less than 0. As one of ordinary skill in the art will appreciate, modi fications and variations may be made to the magnetic telescope herein described which has enhance noise sup pression without departing from the scope and spirit of the invention. Various features of the present invention as described in relation to the various embodiments are set forth in the following claims. The disclosure is intended to cover, by the appended claims, all such modifications and variations that fall within the scope of the claims.
I claim:
1. A magnetic telescope having enhanced noise Suppression, the magnetic telescope utilized for detecting ferous metal discontinuities through an overburden, the magnetic telescope comprising: means for transmitting a first signal through the overbur den to the discontinuity, said means for transmitting having at least two pairs of spaced source coils; said at least two source coil pairs each having an outer coil which substantially encompasses an inner coil, said outer and inner coils having substantially the same axis; means, substantially located within said means for trans mitting said first signal, for receiving a second signal induced by the first signal, but having noise thereon, said means for receiving being Substantially located within said inner coils near the axis, said means for receiving including at least two gradiometers, each of said gradiometers having a coplanar pair of oppositely wound semicircles with a substantially common diam eter; and means for electronically suppressing said noise in the second signal, said noise suppressing means including means for adjusting a characteristic of said second signal to Suppress noise in the second signal, said means for adjusting a characteristic of said second signal having means for adjusting said second signal by using a feedback current in said noise suppressing means and related to said noise of said second signal, said noise suppressing means further having circuitry for substantially cancelling said first signal near the axis.
2. The magnetic telescope of claim 1 wherein said noise Suppressing means further comprises means for adjusting currents between said pairs further comprises means for adjusting to maximize suppression of the noise in the first signal.
3. A magnetic telescope having enhanced noise Suppression, the magnetic telescope utilized for detecting ferrous metal discontinuities through an overburden, the magnetic telescope comprising:
at least two pair of Source coils, said source coil pairs transmitting a first signal through the overburden to the discontinuity; at least two receiving coils substantially located within said source coils, said receiving coils receiving a sec 14 ond signal induced by the first signal, but having noise thereon, said receiving coils including at least two gradiometers, each of said gradiometers having a coplanar pair of oppositely wound semicircles with a substantially common diameter; and an electronic circuit for balancing the magnetic telescope to suppress said noise in the second signal by feeding back current in said electronic circuit to said second signal. 4. The magnetic telescope of claim3 wherein said at least two source coil pairs each comprise an outer coil which Substantially encompasses an inner coil, said outer and inner coils having Substantially the same axis.
5. The magnetic telescope of claim 3 wherein said elec tronic circuitfurther includes circuitry for adjusting currents in said coil pairs to maximize Suppression of the noise in the first signal.
6. The magnetic telescope of claim 5 wherein said elec tronic circuit further comprises circuitry for adjusting a characteristic of said second signal to maximize suppression of the noise in the second signal.
7. The magnetic telescope of claim 6 wherein said elec tronic circuitfurther comprises means for adjusting a current of said second signal by using a feedback current related to said noise of said second signal. 8. A magnetic telescope having enhanced noise suppression, the magnetic telescope having use in detecting a discontinuity in an underground article, the magnetic telescope comprising: two pairs of source coils, each said source coil pair having an outer coil and an inner coil for producing a magnetic flux to illuminate the article, wherein said outer and inner coils produce magnetic flux capable of producing a minimal magnetic flux at known locations in the telescope; a pair of gradiometers located substantially at said known locations, for picking-up magnetic flux appearing to originate from the discontinuity in the article; an electric circuit coupled to said gradiometers for detect ing the magnetic flux, achieving noise suppression by feeding back magnetic flux from said electric circuit to said detecting means in an amount which suppresses the noise, and identifying the discontinuity. 9. The magnetic telescope of claim 8 wherein said outer and inner coils are arranged in a differential configuration.
10. The magnetic telescope of claim 9 wherein said known location further comprises an axis about which said inner coil and said outer coils are centered.
11. The magnetic telescope of claim 8 wherein said means for detecting the magnetic flux further comprises a super conducting quantum interference device (SQUID).
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